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The rare earth element cerium has been known to exert
antifungal and antibacterial properties in the oxidation states
+III and +IV. This study reports on an innovative strategy for
virus removal in drinking water by the combination of Ce(III)
on a bacterial carrier matrix. The biogenic cerium (bio-Ce) was
produced by addition of aqueous Ce(III) to actively growing
culturesofeither freshwatermanganese-oxidizingbacteria (MOB)
Leptothrix discophora or Pseudomonas putida MnB29.
X-ray absorption spectroscopy results indicated that Ce remained
in its trivalent state on the bacterial surface. The spectra
were consistent with Ce(III) ions associated with the phosphoryl
groups of the bacterial cell wall. In disinfection assays using
a bacteriophage as model, it was demonstrated that bio-
Ce exhibited antiviral properties. A 4.4 log decrease of the phage
was observed after 2 h of contact with 50 mg L-1 bio-Ce.
Given the fact that virus removal with 50 mg L-1 Ce(III) as CeNO3

was lower, the presence of the bacterial carrier matrix in bio-
Ce significantly enhanced virus removal.

Introduction
Cerium (58Ce) is the second lightest member of the lan-
thanides or rare earth elements (REE). In physiological

solutions, most of these REE are only stable in the trivalent
oxidation state (+III), with Eu(II) and Ce(IV) being the only
exceptions (1). Both Ce(III) and Ce(IV) containing compounds
were reported to exert antifungal, bacteriostatic, and bac-
tericidal activity (2, 3). Ce(III) in the form of Ce(NO3)3 was
shown to be an effective bacteriostatic agent against a wide
variety of species. Sobek and Talburt studied the effect of
cerium nitrate on E. coli and have demonstrated inhibition
of the cellular respiration, oxygen uptake, and glucose
metabolism (3). Nonspecific binding to proteins or binding
to and inactivation of phosphate compounds were suggest-
ed to be the main mechanism. In addition, Ce(III) is also
known to replace Ca(II) in many biomolecules, without
necessarily substituting for it functionally (4). In 1976, Monafo
et al. (5) suggested a synergistic interaction between cerium
nitrate and silver sulphadiazine. This combination is used
in two commercially available products for the treatment of
burn wounds: Flamacerium and Dermacerium (6). Ce(IV),
in the form of CeO2 nanoparticles, exhibits bactericidal and
virucidal activities. Thill et al. (7) demonstrated that a large
amount of CeO2 can be adsorbed on the outer membrane
of Escherichia coli and that Ce(IV) was reduced to Ce(III) by
the bacterial cell wall membrane. Both phenomena were
related to the cytotoxicity to the cells. The capacity of CeO2

nanoparticles for virus removal was shown by Link et al. (8).
The nanoparticles possess a high binding capacity for nucleic
acids and could remove viruses including HIV-1 from aqueous
solutions.

Cell-associated metals and metal oxides are currently of
interest for advanced water treatment and disinfection of
(drinking) water in particular. For example, the microbio-
logical production of manganese oxides and nanoparticles
of silver or palladium, has opened up a window of new
applications (9). The association of these metals and metal
oxides with a microscale bacterial carrier matrix allows their
retention in reactor systems by means of microfiltration
(10). Moreover, the bacterial carrier acts as a stabilizing agent,
thus reducing leaching of the metal species into the
environment. In this way, biogenic metals can be applied as
catalysts in the degradation of pollutants, or for disinfection
of drinking water.

In natural environments, microorganisms play an im-
portant role in the geochemistry of REE and other elements
(11, 12). For example, the oxidation of Mn(II) to Mn(III,IV)
oxides by manganese-oxidizing bacteria (MOB) is considered
to be a more important pathway in aqueous environments
than chemical oxidation (13, 14). Moffett (15, 16) has
examined the interaction between MOB and Ce in the marine
environment and suggested that Ce(III) and Mn(II) are
oxidized by the same bacterial pathway in seawater. Based
on his results, it was hypothesized that Ce(III) oxidation
decreased with increasing Mn(II) concentration, indicating
inhibition, possibly through competition. On the contrary,
Ohnuki et al. (17) showed that freshwater MOB oxidize Mn(II)
to Mn(III,IV) but do not oxidize Ce(III). By means of XANES
analysis, it was demonstrated that the biologically formed
Mn(III,IV) precipitations accumulated Ce(III) and then
abiotically oxidized it to Ce(IV).

The aim of this study was to associate cerium with a
bacterial carrier matrix to disinfect water contaminated with
bacteriophage UZ1. This phage, which infects Enterobacter
aerogenes, serves as model for enteric viruses (18). Aqueous
Ce(III) was added to cultures of the freshwater MOB
Leptothrix discophora and Pseudomonas putida MnB29 (19),
in the absence of Mn(II). Electron microscopy, X-ray dif-
fraction and X-ray spectroscopy results suggest that the
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interaction between Ce(III) and phosphoryl groups at the
bacterial surface is responsible for the observed antiviral
activity.

Experimental Section
Removal of Soluble Ce by MOB. Overnight cultures of the
MOB L. discophora and P. putida MnB29 (LMG 8142 and
LMG 2323, BCCM/LMG collection, Ghent University, Bel-
gium) were cultivated in a medium described by Boogerd
and de Vrind (20) at 28 °C on a platform shaker (120 rpm).
Subsequently, 1 mL of the cultures was inoculated into sterile
250 mL Erlenmeyer flasks, supplemented with 150 mL of
sterile growth medium to which 140 mg Ce(III) L-1 was added
as CeCl3 (Sigma-Aldrich, St. Louis, MO). During incubation,
bacterial growth was followed by means of the optical density
at 610 nm (OD610 nm) and the volatile suspended solids (VSS)
concentration (21). As a control experiment, a similar batch
incubation experiment was set up with L. discophora, in
which 1 g sodium azide L-1 (Sigma-Aldrich) was added to
the growth medium 48 h after incubation, to inhibit
bacterial growth (22). A biomass-free control experiment
in the same growth medium was included as well. All
incubation experiments were performed in triplicate at 28
°C on a platform shaker (120 rpm) for 14 days. Samples
were taken at regular intervals, filtered over a 0.22 µm
filter (Millipore, Billerica, MA) and kept at 4 °C for further
analysis. To determine the soluble cerium concentration,
inductively coupled plasma optical emission spectrometry
(ICP-OES) was used (Vista MPX, Varian, Palo Alto, CA).
The limit of detection (LOD) of ICP-OES was 0.2 mg L-1.

Characterization. Samples of P. putida MnB29 biomass
(grown with and without cerium) were taken after 14 days
of incubation. The cells were centrifuged (8500g, 10 min)
and washed three times with deionized water. The term
“biogenic” cerium or “bio-Ce” refers to the biological
generation of a ligand (i.e., the P. putida biomass) that anchors
soluble or colloidal Ce and keeps it cell-associated.

For SEM analyses, the samples of P. putida MnB29
biomass grown without cerium were fixed according to Mast
et al. (23) but a KH2PO4/K2HPO4 buffer (P-buffer) (2.56 and
14.14 g L-1, respectively) was used to keep the bacterial cells
intact. The samples of bio-Ce were examined on a double-
sided carbon tape (amorphous structure with good con-
ductivity) under a FEI SEM XL30 (Eindhoven, The Nether-
lands) equipped with a LaB6 filament and an EDX detector
(EDAX, Tilburg, The Netherlands). By means of EDX, the
elemental composition of the sample surface can be deter-
mined by comparing the peaks with standards for the
elements of interest, according to the Cliff-Lorimer method
(24). Before putting the samples in the SEM, a thin gold layer
was applied with a Baltic SCD005 Sputter Coater at a pressure
of 0.1 mbar for 60s with a current of 40 mA.

XRD measurements were performed with a Siemens
D5000 diffractometer (Munich, Germany) with BraggBren-
tano optics and filtered Cu-KR radiation (40 kV and 50 mA).
With XRD, crystallinity and the oxidation of cerium in the
crystal can be analyzed. Samples were dried at room
temperature.

By means of XANES, the predominant oxidation state and
the nature of the bonding between Ce and the MOB were
examined. XANES spectra were collected at beamline X11 of
the National Synchrotron Light Source (NSLS) at the
Brookhaven National Laboratory (New York, NY). The
beamline was equipped with a S(111) monochromator and
a Lytle fluorescence detector. All spectra were collected at
room temperature and 50% detuning of the monochromator
in order to minimize higher order harmonics. X-ray absorp-
tion coefficients were measured from 150 eV below to 400
eV above the Ce LIII-edge. Absolute X-ray energy calibration
was based on the first inflection point of a Cr metal foil (5989.0

eV), which was collected in transmission mode either as an
internal calibration during each scan or before and after a
set of scans. Powder samples of CeCl3, Ce(NO3)3, Ce2(CO3)3 ·
2H2O and CePO4 ·H2O were used as Ce(III) standards.
Ce(SO4)2, Ce(OH)4, and CeO2 were used as Ce(IV) standards.
All model compound samples were ground and mixed with
boron nitride to optimize absorbance for transmission mode
data collection. The bio-Ce samples were centrifuged and
the fully hydrated pellets were sealed in an ultrathin X-ray
grade polypropylene sample bag. XANES spectra normaliza-
tion, calibration, averaging, fingerprinting, and peak-fitting
were performed using Athena software (25).

Detection of Bacteriophage UZ1. A stock of bacteriophage
UZ1 was prepared as previously described (26). To detect
phages, the soft agar layer method described by Adams (27)
was applied, using serial 10-fold dilutions of the samples. As
a host, a midlog phase E. aerogenes BE1 culture (LMG 22092,
BCCM/LMG) was used. Phages were counted as plaque
forming units (pfu) and the phage concentration was
expressed as pfu mL-1. In the plaque assays, the LOD was
determined to be 1.0 × 102 pfu mL-1. When no viruses were
detected in the samples, the LOD was used as a conservative
estimate for the UZ1 concentration.

Disinfection Assay on Bacteriophage UZ1. All disinfection
assays were performed with bottled natural source water
(Spa Blauw, Spadel, Brussels, Belgium). The listed concen-
trations of biogenic cerium (in mg bio-Ce L-1) refer to the
pure Ce concentrations associated with the bacterial biomass
(weight of the biomass not included). Disinfection assays
were conducted in triplicate in sterilized 250 mL Erlenmeyer
flasks placed on a shaker (120 rpm) at 28 °C for 2 h. Samples
of bio-Ce were harvested after 14 days of incubation by
centrifugation (8500g, 10 min), washed twice with deionized
water and added to 100 mL of bottled source water to final
concentrations of 0, 5, 50, 100, 250, and 500 mg bio-Ce L-1

(pH 5.5). Subsequently, 50 mg bio-Ce L-1 was added to bottled
source water in a 24 h experiment. This suspension was
supplemented with 100 µL of a phage stock solution (2.6 (
2.3 × 109 pfu mL-1). Controls were water (biomass-free
control), and water supplemented with P. putida MNB29
cultures similarly grown in Ce-free medium and washed twice
with water (same OD610 nm as biomass with Ce) (pH 5.5).
Samples were taken at regular intervals, filtered over a 0.22
µm filter (Millipore, Billerica, MA) to remove the biomass
and associated cerium, then stored at 4 °C for further analysis.
Inactivation was expressed as log decrease (with the %
decrease between parentheses).

Three comparative disinfection assays were carried out
in water supplemented with Ce(NO3)3 (Sigma-Aldrich),
CePO4 ·H2O (Sigma-Aldrich) (both in a final concentration
of 50 mg Ce(III) L-1) and CeO2 nanoparticles (Umicore
Research, Olen, Belgium) with an average particle size of 25
( 15 nm (final concentration of 50 mg Ce(IV) L-1). For each
experiment, three replicates were incubated for 24 h and
samples were taken at regular intervals and immediately
analyzed by plaque assays.

Statistical Analyses. SPSS for Windows version 15.0 was
used for statistical analysis. Tests for normality of data and
homogeneity of the variances were performed using the
Kolmogorov-Smirnov and Levene’s test, respectively. One-
way analysis of variance was used to compare the mean values
of the normal distributed data. P-values e0.05 were con-
sidered significant.

Results
Batch Incubation Experiments. Figure 1 shows the results
of the incubation experiments. No removal of soluble Ce
was detected in the biomass-free growth medium (C0 ) 140
( 6 mg Ce(III) L-1). In contrast, when MOB were incubated
in the growth medium with the same Ce(III) concentration,
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a significant decline was observed compared to the biomass-
free control (p < 0.001 for both species). In the case of P.
putida MnB29, soluble Ce decreased by 59.0(8.8 mg soluble
Ce L-1 after 1 h (42.2% removal). After 24 h of incubation,
the soluble Ce concentration decreased to 31.6 ( 4.4 mg L-1

(77% removal). The subsequent, slower removal was similar
to that observed in the biomass-free control, indicating that
cell-associated Ce removal was complete after 24 h for P.
putida MnB29. A concentration of 14.3 ( 4.2 mg soluble Ce
L-1 was obtained after 14 days ()90% removal). During
incubation, bacterial growth was confirmed by an increase
in the VSS concentration from 126 ( 9 mg L-1 to 290 ( 28
mg L-1 after 14 days, and an increase in the OD610 nm from
0.213 ( 0.034 at the start to 1.310 ( 0.076 in the stationary
phase, which was reached after 48 h (relative to the biomass-
free growth medium).

Incubation of L. discophora resulted in a removal of 48.3
( 3.1 mg soluble Ce L-1 within one hour (35% removal).
Subsequently, a lag in removal was observed until 78 h after
incubation when the soluble Ce concentration started to
decrease and a final concentration of 8.1 ( 6.5 mg soluble
Ce L-1 was reached after 14 days ()92% removal). In the
control experiment, similar removal was observed in the first
hour, before the addition of 1 g azide L-1 (41.2 ( 7.5 mg
soluble Ce L-1 removed or 29.5% removal). After azide
addition at 48 h, soluble Ce was removed slower and at a
similar rate as the biomass-free control. A final concentration
of 65.1 ( 12.1 mg soluble Ce L-1 was reached after 14 days
of incubation ()54% removal) in the azide-poisoned control.

Characterization of Biogenic Cerium. Secondary Electron
(SE) images of the fixed P. putida MnB29 grown in medium
without Ce(III) and fixed with P-buffer showed the rod-
shaped cells with a smooth surface (Figure 2A). Samples
grown in the presence of Ce(III) were not fixed to prevent
precipitation of CePO4. Therefore, the cell shape of P. putida
MnB29 was lost as an artifact of the vacuum applied in a
SEM (Figure 2B). Yet, no crystals were found on the bacterial
surface. The EDX spectrum of the latter bacterial surface is
shown in Figure 2C. An approximate calculation using EDAX
software showed that Ce was present on the biomass at 2-3%.
The resulting anchoring of soluble or colloidal cerium onto
the bacterial carrier matrix will be further referred to as
biogenic cerium or bio-Ce.

XRD, XPS, and XANES analyses were performed to further
characterize the biogenic cerium. XRD analysis did not show
any crystallinity (data not shown). The results of the XPS
analysis are given as Supporting Information. The XPS cerium
3d core level spectrum of bio-Ce suggest that the oxidation
state of Ce in the samples was +III (Supporting Information
Figure SI1). XANES spectroscopy results confirm that the
fully hydrated bio-Ce samples contain Ce(III). Figure 3
compares the XANES spectra of Ce(III) and Ce(IV) containing
compounds. The absorption edge energy of a XANES
spectrum, which is conventionally defined as the first
inflection point in the rising edge of the spectrum, is used
to compare oxidation states of a given element. The adsorp-
tion edge energies of the spectra shown in Figure 3 fall into
two clearly defined groups. The first group of Ce(III)
compounds Ce(NO3)3 (5723.9 eV), CeCl3 (5724.1 eV),
Ce2(CO3)3 ·2H2O (5724.2 eV), and CePO4 ·H2O (5724.8 eV) are
characterized by a similar spectral signature. This group has
significantly lower absorption edge energies than the second
group of Ce(IV) compounds Ce(SO4)2 (5726.6 eV), Ce(OH)4

(5725.4 eV), and CeO2 (5725.5 eV). Electrons within the Ce
atomic core are more tightly bound to electropositive Ce(IV)
atoms, and therefore, interact with higher energy X-rays
relative to Ce(III) atoms. The adsorption edge energy of the
bio-Ce sample (5724.8) clearly indicates the predominance
of Ce(III) precipitates. The edge energy of the samples
remained constant throughout a series of three consecutive
scans, and therefore, no evidence of X-ray beam induced
changes was observed in any of the bacterial and model
compound samples.

In addition, the samples of bio-Ce were resuspended in
deionized water and the release of Ce into solution was
assessed. After 24 h, no more than 5.0 ( 0.1 mg soluble Ce
L-1 was released from a sample containing 630 mg bio-Ce
L-1 () 0.8%).

Inactivation of UZ1 by Bio-Ce. There was a clearly
proportional effect of bio-Ce on the inactivation rate (Table
1); whereas no more than a 0.4 log decrease was noticed
after 0.1 h when 5 mg bio-Ce L-1 was added, a 1.7 and a 1.6
log decline were observed after 0.1 h upon addition of 50 and
100 mg bio-Ce L-1, respectively. Moreover, addition of 250
and 500 mg bio-Ce L-1 resulted in a 4 log decline after only
0.1 h (4.0 log and 4.4 log, respectively). After 2 h of contact

FIGURE 1. Soluble Ce concentration as a function of time during 14 day incubations of MOB L. discophora and P. putida MnB29, in
growth medium supplemented with 140 mg Ce(III) L-1. To inhibit bacterial growth in a control experiment, 1 g azide L-1 was added
to a L. discophora culture, 48 h after inoculation. Results from a biomass-free control in the growth medium are also shown.
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time, there was no further removal by 5 mg bio-Ce L-1. On
the contrary, no phages could be detected after 2 h of contact
in the case of 50, 100, 250, and 500 mg bio-Ce L-1, resulting
in at least a 4.4 log decrease (LOD ) 100 pfu mL-1).

Based on these results, further experiments were carried
out using the minimal bio-Ce concentration required for a
4 log decrease in 2 h, that is, 50 mg bio-Ce L-1. The results
of the disinfection assays on UZ1 are depicted in Figure 4.
No effect on UZ1 was observed in the biomass-free control
(C0 ) 2.7 ( 1.7 × 106 pfu mL-1). Although the addition of
Ce-free biomass resulted in a modest, but significant decrease
in pfu (1.2 log on average, p ) 0.001), it was much less than
that observed in the presence of 50 mg bio-Ce L-1 (below
LOD, g 4.4 log) at 2 h (p < 0.001).

The addition of 50 mg ionic Ce(III) L-1 as Ce(NO3)3 also
resulted in a significant decline of UZ1, but at a lower rate
(p < 0.001). After 2 h, there was a 1.2 log decrease and after
24 h, phages could still be detected above the LOD, resulting

FIGURE 2. SE images of P. putida MnB29, grown in a medium
(A) without Ce(III) (fixed) and (B) with 140 mg Ce(III) L-1

(nonfixed). Figure 2C is an EDX pattern of the sample depicted
in Figure 2B. The X-axis shows the energy in keV, the peaks
show relative quantities of intensity (Y-axis). Part of the C peak
can be related to the carbon support used for analysis.

FIGURE 3. XANES spectra across the Ce LIII edge (ca. 5723 eV)
for CeO2, CeOH4, Ce(SO4)2, CeCl3, Ce2(CO3)3 · 2H2O, Ce(NO3)3,
CePO4 ·H2O and biogenic cerium. The Bio-Ce spectral signature
clearly indicates that Ce is in the +III oxidation state and the
spectrum is most consistent with the CePO4 ·H2O spectrum.

TABLE 1. Inactivation of Bacteriophage UZ1 by Addition of
Different Concentrations of Biogenic Cerium (Expressed as mg
bio-Ce L-1)a

concentration
bio-Ce (mg L-1) C0.1h (pfu mL-1) C2h (pfu mL-1)

0 2.6 ( 0.5 × 106 2.2 ( 1.5 × 106

5 1.2 ( 2.0 × 106 1.1 ( 1.0 × 106

50 5.5 ( 4.8 × 104 <LOD
100 7.0 ( 5.5 × 104 <LOD
250 2.7 ( 1.5 × 102 <LOD
500 <LOD <LOD

a The concentrations of UZ1 after 0.1 and 2 h are
expressed as C0.1h and C2h, respectively. Initial phage
concentration C0 was 2.7 ( 1.4 × 106 pfu mL-1 and the LOD
was 1.0 × 102 pfu mL-1.

FIGURE 4. Inactivation of UZ1 in a 50 mg bio-Ce L-1 suspension,
compared with the biomass-free control in plain drinking water;
the control with P. putida MnB29; the control with 50 mg L-1 ionic
Ce(III) (as Ce(NO3)3 and CePO4 ·H2O); and the control with 50 mg
nano-Ce(IV) L-1 (as CeO2). Ct: concentration of bacteriophages
determined by plaque assays (pfu mL-1); C0: initial concentration.
Standard deviations that not fit the logarithmic scale are not
shown.
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in a 3.1 log decline (Figure 4). However, in a comparative
disinfection assay with 50 mg ionic Ce(III) L-1 as CePO4 ·H2O
and 50 mg nano-Ce(IV) L-1 as CeO2, no significant phage
removal compared to the biomass-free control was observed
(p ) 0.259 and p ) 0.397, respectively). It should be noted
that none of the Ce species exerted any observable cytotoxicity
to E. aerogenes, which would have interfered with the plaque
assays.

Discussion
Interaction of MOB with Trivalent Cerium. In this study,
the interaction of MOB with Ce(III) was studied in batch
incubation experiments. No more than 140 mg Ce(III) L-1

was supplied since higher concentrations were reported to
inhibit the growth of Pseudomonas sp. (2). The fact that
growing bacteria were necessary for continuing sorption of
Ce(III) was clearly demonstrated in the inhibition experiment
with azide, a metabolic inhibitor for MOB (22). In the presence
of growing MOB, a rapid decline of soluble Ce was observed,
followed by a slower but continuous decrease probably due
to interaction with new cells. A similar sorption pattern was
observed by Sobek and Talburt (3), who studied the removal
of residual supernatant Ce by E. coli at pH 7. These authors
concluded that Ce was rapidly adsorbed by bacterial cells.
Also Moffet (16) suggested this bacterial adsorption as the
first and most rapid step in his two-step mechanism for Ce(III)
oxidation by marine MOB.

To examine if Ce(III) oxidation took place, X-ray spec-
troscopy was performed to determine the predominant Ce
oxidation state. Bio-Ce produced with P. putida was chosen
for further characterization since this species was responsible
for the fastest sorption of Ce(III). The results of the XPS
analyses showed that Ce(III) remained in trivalent state (see
Supporting Information). XANES analyses confirmed this
finding and provided further indication about the nature of
the bonding to the bacteria. The observed variations in the
absorption edge energies and near-edge features among the
different Ce(III) compounds in Figure 3 result from a complex
relationship between the different bonding characteristics
and local coordination environments of the Ce(III) atoms.
Therefore, the essentially identical match of the bio-Ce
sample spectrum with CePO4 ·H2O strongly suggests that
Ce(III) was associated with phosphoryl groups on the bacterial
cell surface. The quality of the spectral match indicates that
impurities such as Ce-carbonates, chlorides, and nitrates or
Ce(IV) compounds do not amount to more than 1-5% of the
Ce in the bio-Ce samples depending on the distinguishing
features of the XANES spectrum (28). Consequently, it seems
unlikely that the presence of Ce(III) was the result of Ce(IV)
reduction from earlier formed CeO2 nanoparticles as sug-
gested by Deshpande et al. (29). In addition, SEM imaging
and XRD analyses did not show any crystallinity.

The accumulation of Ce(III) onto the surface of the MOB
was demonstrated by Ohnuki et al. (17) as well. The authors
considered the decline in Ce concentration in the medium
to be the result from its adsorption by functional groups on
the bacterial cell surfaces. Indeed, the outer cell membrane
of Gram-negative bacteria including Leptothrix sp. and
Pseudomonas sp. is known to be covered with a lipopolysac-
charide layer which is negatively charged at pH 7 (30). Both
carboxyl and phosphoryl groups are considered to be the
main binding sites for REE (31, 32). Yet, based on the XANES
spectra for both components, we suggest that Ce(III) was
bound to phosphoryl groups on the bacterial carrier matrix.
Thus, using modern techniques, we have provided evidence
consistent with the hypothesis of Sobek and Talburt (3).
Furthermore, Sobek and Talburt also suggested that there is
a fixed maximal binding capacity for a given concentration
of cells. Our results support this hypothesis because after
the rapid sorption in the first hours of incubation, a certain

lag phase was observed before further sorption took place,
especially in the case of L. discophora. It is likely that this
phenomenon was due to rapid sorption of Ce to cells in the
inoculum, followed by slow sorption to new cells after a lag
in growth, which is common for L. discophora (A. Hay,
personal communication). Yet, more research is needed to
elucidate the Ce(III)-bacteria interaction and the environ-
mental parameters influencing the mechanism of biosorp-
tion, for example by changing the functional groups on the
surface of the bacterial carrier (e.g., by pH variations).

Virus Inactivation by Biogenic Cerium. In this study,
bacteriophage UZ1 was used as a model for pathogenic
waterborne viruses. This DNA phage can infect E. aerogenes
BE1, a species present in normal gut microbiota (33). These
phages are typically associated with human and animal
excreta and indicate the potential presence of enteric viruses
(34). The phage is easily and rapidly detected by plaque assay,
which is a major benefit for disinfection assays (26). Moreover,
somatic coliphages are in general at least as resistant to
disinfectants as enteric viruses (34).

In our study, we demonstrated that bio-Ce was effective
at virus removal in water. The presence of the bacterial carrier
matrix significantly enhanced the removal of UZ1 by bio-Ce
since, the antiviral activity exerted by Ce(III) -added as cerium
nitrate at the same concentration- was lower and no virus
removal was obtained by either CePO4 or CeO2. It is likely
that adsorption to the bacterial biomass facilitated virus
removal, which explains the limited 1.2 log removal of phage
UZ1 in the control experiment with the same amount of
biomass without cerium (Figure 4). Kim and Unno (35) have
also demonstrated the reversible adsorption of viruses on
activated sludge bacteria. It is generally known that the
interaction of a phage with its bacterial host starts with a
reversible adsorption to the cell surface (36). The affinity of
phages for the bacterial cell surface likely concentrates the
phages around the cells and facilitates the contact between
Ce(III) and the phages for subsequent inactivation.

A minimal amount of 50 mg bio-Ce L-1 was required to
ensure a significant virus removal. Yet, the antiviral mech-
anism of Ce(III) itself still remains to be determined. Cerium
nitrate has been shown experimentally to bind to the high
molecular weight lipid protein complex (LPC), responsible
for the immunosuppression that makes burn wounds
susceptible for infections (37). Recent evidence suggests that
this binding and subsequent denaturing of the LPC might be
the major effect of cerium and that this is the predominant
mode of action in improving survival of patients with burn
wounds (6). Therefore, it might be possible that the interac-
tion of Ce(III) with the protein capsid of the bacteriophage
renders the phage noninfectious. Some authors however,
have demonstrated a direct interaction between Ce(III) and
DNA, and DNA damage by Ce-mediated radical production
(38, 39). Additional research is needed to fully understand
how bio-Ce affects the infectivity of viruses by, for example,
desorption of viruses to examine the interaction with the
genetic material inside the protein capsid. Furthermore, the
utility of bio-Ce as an antibacterial and/or antifungal agent
deserves further study but was not within the scope of this
study.

The bacterial carrier clearly serves as a stabilizing agent
since no more than 0.8% was released from the bio-Ce
samples after 24 h. Consequently, human exposure to free
Ce(III) is expected to be minimal, which is advantageous for
potential future applications. Furthermore, the risk of meth-
emoglobinemia by cerium poisoning (40) or human cell and/
or tissue damage by radical production (39) is expected to
be low.

Therefore, bio-Ce might have potential as a technique for
disinfection of hard-to-treat waters such as those containing
bromides, humic acids or chlorides since these waters cannot
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be disinfected by ozonation, chlorination, UV photocatalysis,
or silver based techniques (26, 41-43). Biogenic cerium
represents another example of biogenic metals with practical
applications for water treatment. It may be possible to
encapsulate bio-Ce in polymer or silica beads or to coat it
on zeolites (44) that could then be used to treat contaminated
waters.
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